We have performed a real-time in situ x-ray scattering study of the nucleation of GaN nanowires grown by plasma-assisted molecular beam epitaxy on AlN(0001)/Si(111). The intensity variation of the GaN diffraction peak as a function of time was found to exhibit three different regimes: (i) the deposition of a wetting layer, which is followed by (ii) a supralinear regime assigned to nucleation of almost fully relaxed GaN nanowires, eventually leading to (iii) a steady-state growth regime. Based on scanning electron microscopy and electron microscopy analysis, it is proposed that the granular character of the thin AlN buffer layer may account for the easy plastic relaxation of GaN, establishing that three-dimensional islanding and plastic strain relaxation of GaN are two necessary conditions for nanowire growth.
Introduction
Despite the current interest in nanowires/nanocolumns/ nanorods/nanopillars, the details of their growth are still far from being clear. When a metallic catalyst is used, nanowire (NW) growth is generally assumed to obey the vapor-liquid-solid growth mechanism which supposes that vapor phase atoms are incorporated in a liquid metal droplet on top of the wire [1] . This is not the case for GaN NWs grown by plasma-assisted molecular beam epitaxy (PAMBE) in which NWs are grown without the use of any catalyst. Then, numerous parameters, namely the substrate nature, the use of a buffer layer or not, the growth temperature and the metal/nitrogen ratio value are all expected to play a role and consequently determine the structural and optical properties of NWs, although the interplay between these parameters is not clearly established to date.
More generally, the issue of nucleation in heteroepitaxy is expected to be influenced by surface phenomena (adsorption, diffusion, desorption, incorporation, etc) leading to the formation of islands followed by their coalescence. In the case of GaN, it has been shown that the combined action of these phenomena could lead to strongly nonlinear growth rate as a function of time during the first stages of the nucleation process [2] . Real-time in situ x-ray scattering studies have demonstrated that the first stages of GaN heteroepitaxy are dominated by the nucleation mechanism [3] , leading to a nonlinear time dependence of the growth rate. This has been further confirmed by observing that an external parameter such as ion exposure could drastically change the growth mode and consequently the power law dependence of the GaN deposition rate as a function of time during the first stages of the growth [4] .
More recently, line-of-sight quadrupole mass spectrometry measurements performed during growth of (0001) GaN on 6H-SiC and sapphire have revealed a nonlinearity of GaN growth rate, followed by a linear growth rate once it reached a steady-state regime [5] . Interestingly, it was found that homoepitaxy of GaN exhibited a linear growth rate from the beginning, again showing the role of nucleation during heteroepitaxy [6] .
Specifically concerning GaN NWs, there is a general agreement on the fact that their steady-state growth regime is governed by Ga diffusion up to the top of existing wires [7] [8] [9] [10] but the nucleation process and the subsequent transient regime are, to some extent, a matter of controversy.
It is then one aim of the present paper to specifically address the issue of GaN NW nucleation. For that purpose, the very first stages of the growth have been studied in situ by grazing incidence x-ray diffraction. In the present case of GaN NWs grown by PAMBE on a thin (0001) AlN buffer layer deposited on Si(111), one conclusion is that 3D islands resulting from the well-known Stranski-Krastanow (SK) growth mode of GaN on AlN [11] are precursors of NWs. A second conclusion and an essential one is that GaN NWs are relaxed from the very beginning, supporting the hypothesis that lateral growth of individual NW nuclei is favored with respect to large-scale coalescence, which usually results in a 2D rough GaN layer. In the present case, plastic relaxation of GaN NW nuclei was assigned to the structural properties of the AlN buffer layer, in particular to its granular morphology. However, our conclusions are not restricted to the case of coherent growth of GaN/AlN/Si heterostructures and may apply to the Volmer-Weber growth mode of GaN deposited on exotic substrates, including oxides and metallic layers, i.e. to the general case of GaN heteroepitaxy.
Experiments
In situ grazing incidence x-ray diffraction experiments were performed at the BM32 beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). An on-line versatile MBE chamber was equipped with Ga and Al effusion cells and with an N radio-frequency plasma cell to produce active N. The substrate consisted of (111) Si. After standard degreasing and deoxidation by dipping in hydrofluoric acid, it was introduced into the chamber and outgassed at high temperature till the appearance of a 7 × 7 reconstruction. The temperature calibration was performed by exposing the reconstructed Si surface to a Ga flux and by measuring the time necessary to recover the 7 × 7 reconstruction once the Ga flux was shuttered. This method ensured a reliable reproducibility of the experiments and also made possible the comparison with experiments performed in other MBE machines. Typically, a Ga desorption time of 30 s was identified at a substrate temperature of 720
• C.
A thin AlN buffer layer (about 2-3 nm thick) was deposited on (111) Si prior to GaN deposition. Due to a coincidence relationship between (111) Si and (0001) AlN, such a buffer is almost relaxed [12] , allowing one to deposit vertically aligned GaN nanocolumns [10] . Growth of an AlN buffer layer and of subsequently deposited GaN was studied by performing h scans in the reciprocal space near the inplane AlN (3030) reflection. The diffraction experiment was performed in grazing incidence and the scattered signal was recorded at grazing angles with a Vantec™ linear detector [13] . Note that in the following the reciprocal lattice unit h refers to the Si reciprocal space. The latter is obtained by describing Si by a hexagonal cell whose [0001] • and the energy 10 260 eV. The AlN (resp. GaN) critical angle at this energy is 0.21
• (resp. 0.26
• ). The vertical dashed line at h = 3.706 (resp. 3.62) represents bulk (relaxed) AlN (resp. bulk GaN).
Results and discussion
In situ GaN NW growth in the on-line chamber in the ESRF was performed at high temperature (i.e. 750
• C, corresponding to about 8 s to recover the 7 × 7 reconstruction after exposure to Ga flux) and in N-rich conditions. N flux was about 0.3 monolayer s −1 (ML s −1 ). Ga flux was tuned by adjusting the temperature of the Ga effusion cell. Three different Ga fluxes were used, corresponding to Ga cell temperatures of 870, 875 and 880
• C. The typical Ga/N ratio value for NW growth was about 0.3.
Results for the medium Ga flux used (corresponding to a Ga cell temperature of 875
• C) are plotted in figure 1(a) , showing that prior to any GaN deposition the AlN buffer layer is almost relaxed, consistent with the coincidence relationship exhibited with respect to (111) Si [12] . Remarkably, it is found that the diffraction peak assigned to GaN is observed at a position corresponding to relaxed material. Furthermore, for increasing GaN deposition time, it is noticeable that GaN growth is associated with a slight decrease in AlN peak intensity. This is possibly due to the influence, in sub-critical diffraction conditions, of the GaN thin layer covering AlN. Alternatively, it could also be related to strain induced by the presence of GaN on top of the AlN layer, leading to an asymmetrical shape of the AlN diffraction peak and to its broadening towards the GaN peak.
Interestingly, the phenomenology of GaN 3D islanding is markedly different in the case of quantum dots (QDs) and in the case of NWs: this is illustrated in figure 1(b) , which shows xray h-scan data obtained in QD formation conditions, i.e. for a substrate temperature about 100
• C lower than for NW growth and a Ga/N ratio value of about 0.8. In the case of QDs, the GaN diffraction peak starts growing in the shoulder of the AlN peak and progressively shifts towards the position of relaxed GaN without reaching it. Simultaneously, for increasing GaN deposition time, the AlN peak markedly decreases in intensity and tends to slightly shift towards low h values. These features are consistent with the well-known behavior of GaN QDs: their coherent growth on AlN results in compressive strain in the basal plane and to an a lattice parameter matched to the AlN substrate. Conversely, the strain exerted by GaN QDs on AlN leads to a local expansion of the AlN a lattice parameter under the dots and to a decrease of the intensity of the peak at h = 3.7 (corresponding to relaxed AlN), associated with an increase in intensity in the h range comprised between relaxed AlN and relaxed GaN [13] [14] [15] .
In contrast, as shown in figure 1(a), the intensity decrease of the AlN peak for increasing deposited GaN amount is less pronounced in the case of NW growth than in the case of QD growth. This feature, and the fact that the GaN peak appears at lower h values while rapidly shifting towards the position of relaxed GaN, is consistent with the hypothesis of a reduced elastic interaction between GaN NWs and underlying AlN buffer, indicating the existence of a specific elastic strain relaxation process associated with the growth of GaN NWs on AlN.
The x-ray data for the NW growth regime were quantitatively analyzed by performing an intensity deconvolution of AlN and GaN peaks using two pseudo-Voigt functions and by plotting the integrated intensity of the GaN diffraction peak as a function of deposition time. Figure 2 shows the GaN diffraction peak intensity as a function of deposition time for three different Ga fluxes (i.e. three different Ga cell temperatures). For all three Ga fluxes, the intensity of the diffraction peak associated with GaN is found to exhibit three regimes associated with three different timescales: (a) in the first regime, no xray peak is observed at h = 3.61. This result is consistent with the deposition of a GaN layer matched to the AlN layer underneath, till reaching the critical thickness for the StranskiKrastanow transition of GaN and further 3D islanding [11] . (b) Next, nucleation of GaN 3D islands is observed, characterized by a nonlinear increase of the diffraction peak intensity observed at h = 3.62. (c) In a final step, the intensity of the GaN diffraction peak is found to evolve linearly with time.
In the QD growth regime, the deconvolution between AlN and GaN peaks is made more difficult due to the marked elastic interplay between QDs and the AlN buffer. Extraction of GaN and AlN scattering amplitudes would require anomalous diffraction experiments [13] [14] [15] but the typical timescale of such measurements far exceeded the timescale of the in situ growth experiments described here. However, by simply plotting the intensity at the maximum of the GaN peak as a function of time, two regimes were identified (see the inset of figure 2 ). The first regime corresponds to the wetting layer deposition for which no GaN signal is present in the 3.6-3.65 h range, followed in a second stage by a linear increase with time of the deposited GaN amount. As a key feature, it has to be noted that the supralinear regime, characteristic of NW growth, is not present in the case of QD formation.
In both NW and QD growth regimes, a transition from streaky to spotty RHEED pattern was observed at the end of the first stage of the growth. In the case of QDs, this transition corresponds to the onset of 2D/3D GaN islanding above the critical thickness [11] . In the case of NWs, the streaky to spotty transition in the RHEED pattern supports the assumption that, similar to the case of QDs, a critical thickness has to be reached before islanding onset and further evolution towards the NW growth regime. Interestingly, the delay necessary to reach critical thickness is found to strongly depend on Ga flux, varying from 600 s for a Ga cell temperature (T Ga ) of 880
• C, to 1100 s for T Ga = 875
• C and 3000 s for T Ga = 870 • C. It should be noticed that the Ga flux increase for T Ga changing from 870 to 880
• C is typically 30%, so that the time for reaching the critical thickness clearly outscales the change in Ga flux between 870 and 880
• C. It has to be noted that a marked dependence of critical thickness as a function of As flux has been previously observed in the case of InAs QDs. High As flux was found in this case to reduce the equilibrium adatom density on the surface and to reduce the cation diffusion length, concomitantly reducing the 3D island nucleation probability [16] . Although it is possible that Ga flux may similarly influence to some extent the critical thickness in the case of NWs, it is not clear at this stage if the marked dependence of the time delay before islanding onset as a function of Ga flux corresponds to a real change in critical thickness or if it is exclusively related to island nucleation kinetics [5, 6] . Then, the issue of critical thickness in NW growth regime was addressed by performing x-ray anomalous diffraction experiments, with the aim of determining the amount of GaN diffracting at the h = 3.706 value corresponding to the in-plane (3030) reflection of relaxed AlN (see figure 3) .
The anomalous diffraction experiments were performed at beamline BM2 at the ESRF, in grazing incidence and exit angle [14] . The inset of figure 3 shows the in-plane AlN (3030) diffraction intensity as a function of the energy, in an energy range close to the Ga absorption threshold (10 367 eV), at a grazing incidence angle equal to 0.27
• , i.e. 0.07
• above the AlN critical angle at 10.3 keV. The rapid variation at the Ga K-edge (anomalous diffraction) clearly indicates the presence of a GaN layer matched to AlN buffer, that is with an in-plane lattice parameter equal to the one of AlN. Knowing the AlN layer thickness (7 nm±0.5 nm), measured by x-ray reflectivity, the GaN layer thickness could be estimated by fitting the diffraction energy dependence assuming a wurtzite structure for in-plane matched AlN buffer and GaN layer. A slight correction to the calculated diffraction intensity was applied to take into account the transmission of x-rays in the sample (the transmission curve is shown in the inset in figure 3 ). Finally the thickness of the GaN layer with the same in-plane lattice parameter as the AlN buffer was calculated to be about 3 ± 0.4 ML. This is in remarkable agreement with scanning transmission electron microscopy (STEM) experiments which were performed on an FEI Titan microscope equipped with a CeOS probe Cs corrector and operated at 300 kV. The results are shown in figure 4 , demonstrating that NWs are connected by a continuous wetting layer (WL), about 3 ML thick. This thickness is comparable to the wetting layer thickness in the case of QDs, which confirms that the considerable delay before islanding onset in the case of NW growth (namely regime 1 in figure 2 ) can be safely assigned to kinetic/nucleation effects.
In order to clarify the issue of immediate strain relaxation observed in GaN NWs from the beginning of the growth, high resolution transmission electron microscopy (HRTEM) study of the base of the NWs was performed on a JEOL 4000EX microscope operated at 400 kV. The samples were covered with glue and then prepared in cross-sectional orientation by mechanical polishing followed by Ar-ion milling in a Gatan PIPS. During this process, the top part of the NWs was often removed. A typical HRTEM image of the NW base, taken along the [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] zone axis shows the Si/AlN and AlN/GaN interfaces (figure 5). No amorphous layer is present at the interfaces, contrary to the case of direct growth of GaN NWs on Si [17] . Due to the coincidence relationship between Si and AlN (4-5 interplanar distances) observed in the inset and reported in [12] , almost complete strain relaxation in AlN grown on Si is expected.
The NW was then tilted around the c and a axes successively in order to get off-axis images and enhance the contrast of either the (0002) or (1100) planes. On the one hand, the c-tilted image has been analyzed by the GPA (geometrical phase analysis) method [18] to obtain a map of the c/2 lattice parameter ( figure 6(a) ). Si was chosen as the reference region and appears with a flat contrast because the colored contrast scale was chosen to enhance the difference between AlN and GaN. The inset represents a line scan from Si to GaN integrated over the black rectangle area. Remarkably, the c/2 values of AlN and GaN correspond to almost fully relaxed material. This is in agreement with x-ray diffraction experiments and confirms that GaN grown on AlN is fully relaxed from the beginning. On the other hand, the a-tilted image, figure 6(b) , clearly reveals the presence of two misfit dislocations at the AlN/GaN interface. This indicates that a plastic relaxation mechanism occurs in the present case, which is markedly different from what is observed in the case of QDs where elastic relaxation takes place.
We then suggest that, besides the formation of nuclei on the surface, which can result either from the SK growth mode of GaN on AlN or be assigned to a Volmer-Weber growth mode, the strain relaxation of GaN precursor islands, possibly mediated by the compliant character of the intermediate layer between GaN and Si, is an essential ingredient of NW formation. We furthermore suggest that the Si x N y intermediate layer between GaN and Si when growth is performed in the absence of the AlN buffer layer [17] could play the role of such a compliant layer due to the easy deformation of amorphous material. This hypothesis also possibly holds in the case of growth of GaN NWs on SiO 2 [19] . However, in the case reported in the present study, no evidence of compliance is found as the thin AlN buffer layer is almost relaxed and dislocations were only observed at the GaN/AlN interface. Interestingly, as illustrated by scanning electron microscopy pictures in figure 7(a) , the 3 nm thick AlN buffer layer we use in the present study exhibits a marked granular structure. The typical grain size is 50-100 nm, comparable to NW typical diameter (about 30-70 nm). This feature suggests that the plastic strain relaxation is optimal when the GaN nucleus size matches the AlN grain size. On the contrary, for increasing thickness of the AlN buffer, the standard formation of GaN QDs can be eventually observed, characterized by an elastic strain relaxation of GaN through 3D islanding, free surface formation and no dislocation formation in AlN and GaN, further followed by QD coalescence and growth of a rough GaN layer for increasing amount of deposited GaN. Actually, up to now it has been found that no GaN NWs could be grown for AlN buffer layer thickness larger than 20 nm. This is consistent with the observations of Sekiguchi et al who have shown that both density and morphology of NWs grown on an AlN buffer layer grown on sapphire were strongly dependent on the thickness of the AlN buffer [20] . For a thickness of 8.2 nm, the nucleation of GaN NWs was almost totally suppressed, which was correlated to a significant increase in size of AlN grains in the buffer layer.
The above considerations are supported by results in figure 7 which illustrate the influence of buffer morphology on NW growth. Figures 7(a) and (c) show 2 nm thick AlN buffer layers covered by about 4 ML of GaN. Growth temperature of both AlN buffer layer and GaN was 750
• C ( figure 7(a) ) and 710
• C (figure 7(c)), respectively. As shown in figure 7(c), the AlN buffer layer grown at low temperature exhibits a smoother surface than its counterpart grown at high temperature and grains are mostly coalesced.
Next, similar AlN buffer layers were used to grow NWs in standard temperature and Ga/N ratio conditions. As shown in figure 7 (b) and inset, using an AlN buffer layer grown at high temperature led to the usual, well-separated NWs. However, as shown in figure 7(d) and inset, no well-separated NWs are observed when using an AlN buffer layer grown at low temperature. In contrast, GaN is found to grow in a marked columnar mode, and with a strong degree of coalescence of individual grains, as a clue that the NW growth regime could not be triggered when using a low temperature AlN buffer layer exhibiting coalesced large grains.
As extensively shown above, the strain state of nucleating NWs is markedly different from the strain state of QDs, suggesting that NWs do not result from the natural evolution of QDs as a function of deposition time. In order to gain more insight on this specific issue, we have measured, for various deposition times, the number of QDs and NWs in SEM images of 770 × 920 nm 2 . Results are reported in figure 8 which shows the variation of both QD and NW density as a function of GaN deposition time on (111) Si covered with a standard 2-3 nm thick AlN buffer layer grown at high temperature. Two features are clearly seen in figure 8 , namely (i) evidence that maximum QD density is about three times the maximum NW density and (ii) the additional evidence that the timescale for density increase till saturation is far shorter for QDs than for NWs.
Both features are a clue that QD and NW nucleation processes are not governed by the same parameters. Indeed, the general observation that NW growth is governed by Ga diffusion in the basal plane suggests that the equilibrium density of NWs, for a given growth temperature, is fixed by the Ga diffusion mean free path. In contrast, the abrupt QD nucleation process and the experimental evidence that threading edge dislocations act as a preferential nucleation center due to the local expansion of the AlN in-plane lattice parameter [21] both suggest that QD saturation density is rather related to the density of extrinsic nucleation centers. It is remarkable that the grain size of the high temperature AlN buffer layer matches the typical NW size whereas NW growth is not possible a priori on a buffer with large grains or on an MOCVD AlN template layer. These features suggest that the possibility of nucleating GaN NWs directly depends on the AlN buffer layer grain size compared to the Ga diffusion length on the surface. More precisely, we suggest that, in the case of GaN QD formation, the fast nucleation process combined with a relatively low growth temperature inhibiting the ripening process results in the formation of small islands, compared to the AlN grain size. As previously demonstrated [13] and as shown in figure 1(b) , these islands are elastically relaxed and in turn induce an expansion strain in subjacent AlN. Next, for increasing GaN deposition time, these islands progressively coalesce and evolve into a rough GaN layer, with dislocations formed in GaN, at the junction between adjacent coalescing islands [22, 23] .
In contrast, in the case of NWs grown on an AlN buffer layer with small grain size and with a temperature high enough to make possible the ripening of nucleation islands, leading to the self-selection of a limited number of islands further evolving into NWs, it is suggested that coalescence between GaN islands will be largely inhibited. Simultaneously, it is expected that the progressive lateral increase in size of these NW precursors up to a size roughly matching that of AlN grains will result in the plastic strain relaxation of GaN, with formation of dislocations at the GaN/AlN interface, as observed in the present study.
This scheme is consistent with results in figure 2 , namely with the supralinear variation of GaN intensity as a function of deposition time. Experimental data were fitted with the following empirical formula [4, 5] expressing the variation of deposited GaN amount as a function of time, d(t), consistent with disc-shaped island growth [24] :
where R ∞ is the steady-state growth rate and t x is the crossover time from nucleation to steady-state regime. In the limit of short (t/t x 1) and long (t/t x 1) time, this expression reduces to d(t) = R ∞ t 2 /2t x (supralinear regime) and d(t) = R ∞ t/t x , respectively. The experimental data in figure 2 were fitted using a power law equation, d(t) = At 2+δ . The exponent, 2 + δ, of the supralinear regime was found to be in the range of 1.9-2.3, depending on Ga flux.
This suggests that the two-dimensional size increase in the stage just following the deposition of the wetting layer is diffusion-dominated, associated with a rapid increase of the island diameter/perimeter, rather than isotropic [24] . Then, it is likely that the misfit dislocation formation at the AlN/GaN interface is a consequence of the lateral size increase of the islands above the critical thickness [25] .
In contrast, the linear increase of GaN diffraction peak intensity as a function of time in the case of QDs (see the inset of figure 2) further suggests that in this case Ga exhibits a constant sticking coefficient during the whole nucleation process. This feature is consistent with a Ga adatom lifetime small enough to make Ga desorption negligible with respect to chemisorption, as a marked discrepancy with NW regime. As a matter of fact, in the case of NWs, the island nucleation delay put in evidence by the occurrence of the supralinear regime is consistent with a longer Ga adatom lifetime, making Ga desorption nonnegligible and emphasizing the role of diffusion during the island nucleation stage.
As a whole, results in figure 8 suggest that NW growth is preceded by a ripening stage characterized by the selective growth of a limited number of bigger dots at the expense of smaller ones. It is then proposed that the ripening process, because leading to the size increase of a limited number of nuclei also leads to the increase of stored elastic energy, until reaching the elastic relaxation threshold associated with dislocation formation at the AlN/GaN interface. It is likely that this process is eased by the small size of AlN buffer grains, which favors growth of individual and well-separated GaN islands by counteracting coalescence.
One of the most puzzling features in NW growth is the appearance of (1100) vertical walls [26] [27] [28] . Although GaN QDs exhibit (1130) facets [11, 29] , for a wide range of heights, typically 1-5 nm [30] , the TEM image in figure 4(b) suggests that NW islands rapidly exhibit different facets. Furthermore, figure 4(b) , where at least two types of facets are observed, suggests that the transition towards (1100) vertical NW walls is progressive. However, in the left part of figure 4(b) , it clearly appears that NW-type islands, about 5 nm high, already exhibit almost vertical facets. It should be pointed out at this stage that the energy balance in the case of QDs promotes the formation of pyramids associated with a maximum height/diameter aspect ratio, which favors elastic strain relaxation [31] . However, in the case of NWs, the rapid and efficient plastic relaxation of strained GaN through the formation of misfit dislocations at the AlN/GaN interface drastically changes the energy balance, making unnecessary the maximization of the aspect ratio and possibly explaining that NWs adopt a different shape, with vertical (1100) walls.
Conclusion
In conclusion, by using a combination of in situ x-ray diffraction experiments and HRTEM observations, we have studied the first stages of GaN NW growth. It has been found that GaN is relaxed from the beginning of the growth. This immediate strain relaxation of GaN is an essential ingredient for the growth of NWs, differentiating them from the case of QDs. In the present case where an AlN buffer layer was grown on Si(111) prior to GaN deposition, it has been established that the morphology of AlN, in particular the grain size, is a key parameter. It has been proposed that NW nucleation is governed by the lateral ripening of the GaN islands acting as their precursors, till reaching a lateral size above the critical one for plastic strain relaxation in the very first stages of nucleation. This ripening is made possible by the enhanced diffusion length at high growth temperature. Finally, although the formation of vertical (1100) vertical walls is still not clear, we tentatively suggest that it might result from the efficient strain relaxation of GaN through misfit dislocation formation and from the concomitant change in the balance between elastic energy, surface energy, interfacial energy and misfit dislocation energy formation, which is known to govern the formation and the morphology of heterostructures.
